1. Introduction Most of wave making resistance theories that have been developed by a lot of researchers are essentially based on Havelock's wave making theory. In other words, they assume that ship waves in deep water are infinitesimal amplitude waves and are explained by a solution of Laplace equation.
The greatness of the gap between theory and experiment and the slow contraction. of the gap let the authors to examine the legitimacy of these assumptions.
The basic equations governing flow field around ships are nonlinear partial differential equations, except Laplace equation and the hull surface condition.
It is not always guaranteed that linearization in perturbational sense is pertinent for the problem of waves generated by ships in translational motion. It is well known in fluid dynamics that nonlinearity sometimes plays a decisive role. Shock waves and hydraulic jump are governed by nonlinear partial differential equations, and they produce considerable discontinuity of flow depending on the condition.
When waves are classified into dispersive waves and hyperbolic waves, ship waves in deep water that have been treated by many researchers belong to dispersive waves, and shock waves and hydraulic jumps to hyperbolic waves. In this paper, hyperbolic waves produced by a ship in translational motion in deep water are studied.
For long, the importance to examine physical phenomena that connect hull forms and wave making resistance have been emphasized by Inui, and a great number of wave pattern pictures are accumulated at the University of Tokyo. These pictures and experiences of one of the authors as a hull form designer let us intuitively find that non-dispersive waves, that is, a kind of shock wave, exist around ships, and tentatively Called it as "Free Surface Shock Wave" in 1977.
Thereafter, detailed examinations on the flow field in the near-field of ships and on the limitation of existing wave making theories have been undertaken.
In references 1), 2), complexity of the flow field in the near-field of ships and supposed limitation of linear wave making theories are clarified. Results of extensive experiments provide us interesting characteristics of waves in the near-field of ships which are analogous to shock waves in compressible fluid. Existence of a kind of shock wave is suggested in an analogical manner. In reference 3), nonlinearity of wave making resistance characteristics of wide-beamed ships and inadequacy of a modified linear theory are studied in terms of the existence of a kind of shock wave named free surface shock wave. It is said that Baba's pioneering work on wave breaking resistance has been successively extended by these works by the authors and that much general comprehensions on the wave making in the nearfield of ships are attained by them.
In this paper, existence of a kind of shock wave is experimentally verified and its effects on ship resistance are discussed. In chapter 3, further detailed experimental results are presented following references 1), 2) and 3). Peculiar properties of the non-dispersive waves are put in order, and it is verified that they satisfy the same relations, such as the shock relation, that shock waves in compressible fluid and hydraulic jumps in shallow water do. The legitimacy to classify these waves into hyperbolic waves and to name them as free surface shock waves, which mean shock waves originated from the singularity of the free surface, are discussed. In chapter 4, occurrence of free surface shock waves is explained in a simple manner, and some guidelines for the hull form design of ships whose non-viscous resistance is mainly composed of free surface shock waves are proposed. The experimental investigations show that ships generate two kinds of wave systems, one is Kelvin's dispersive one and another is the non-dispersive free surface shock waves. As a consequence, theoretical explanation of wave making of ships in translational motion becomes complex and difficult. In chapter 5, the interactions between linear dispersive waves and free surface shock waves are discussed in terms of wave patterns and wave resistance curves. These pictures are photographed with alminium powder film on the surface of water.
Wave pattern pictures of ships with extreme hull forms are present in reference 1), 2) and 3). In this paper, examples of fine ships are present in Fig. 1 and Fig. 2 . Fig. 1 is an example of a high speed ship. Wave patterns in the nearfield of ship are entirely different from Kelvin pattern, and rather similar to shock waves in compressible fluid. At a distance, normal Kelvin pattern can be observed. It is intuitively understood that linear waves and nonlinear waves coexist around ships.
Therefore, wave resistance of ships is supposed to be composed of two different wave systems. Fig. 2 is an example of conventional cargo liners with normal bow. SR453 (below) is formed by changing the sectional area curve of SR452 (above). SR452 generates intense free surface shock waves and the first free surface shock wave (wave-A) is most dominant, which is similar to the example of widebeam ship model WM2 with parabolic waterlines3). On SR453 the first free surface shock wave is weakened as an effect of small entrance angle.
These pictures demonstrate that fine ships also generate free surface shock waves and that it is impossible for linear wave making theories to estimate wave making resistance precisely.
3.2 Discontinuity Shock waves have characteristics to generate lines of discontinuity, across which fluid undergoes sudden abrupt change in velocity. In Fig.  3 , disturbance velocity v of M42 measured by a five-hole pitot tube is shown.
The points where v rapidly tends to be small is along the front of the second wave (wave-B). Wave-B is a wave that accompanies this discontinuity. Discontinuity is, as a matter of course, also present in wave height, and it is noted that wave height and velocity component v have intimate relation each other.
In Fig. 4 , disturbance velocity of WM2 in In the deeper region disturbance velocity is small and discontinuity is diminished.
Discontinuity is limited in the thin layer adjacent to the free surface, which is the reason authors named these waves as free surface shock wave. The occurrence of nonlinear waves in deep water, that resemble to nonlinear shallow water waves, is supposed to be originated from the singularity of free surface.
Disturbance velocities in x-y plane are shown in Fig. 5 and Fig. 6 . They are measured by a five-hole pitot tube on the plane below the disturbed free surface by 10 mm.
It is more clearly found that the front of the wave-B is a line of discontinuity.
The fact that disturbance velocity vectors are approximately normal to the front line is very important and will be discussed in the next section.
Visualized stream lines on the free surface is photographed with paper tips and a stroboscope on WM 1-A as is shown in Fig. 7 In Fig. 10 , a wave profile and unsteadiness of the free surface are shown. Although unsteadiness which is caused by the experimental equipments is included in the record, it is noted that vibration of high frequency is present in the after (inner) region of the free surface shock wave.
Variation of shock angle
The angle of wave front to the axis of uniform stream is called shock angle. This angle varies depending on the velocity relative to the critical speed. When the entrance angle is large enough, normal shock wave occurrs and is transformed into oblique shock wave with the increase of velocity. The first free surface shock wave of WM 1-B called wave-A is always a normal one, while the second called wave-B transforms from normal one to oblique one, as is seen in Fig. 7 . The variation of the shock angle of the second free surface shock wave on WM 1-B is shown in Fig. 11 Normal shock is strong and oblique shock is weak. As is discussed in section 3.3, the velocity loss decreases with the decrement of shock angle. It is imagined from Fig. 11 that resistance by free surface shock waves on WM 1-B will decrease over Fn= 0 .20 , and the change of Cw-Cwp on WM1-B in reference 2) supports this tendency. The peak of Cw around Fn=0.20 corresponds to the presence of the ultimate normal free surface shock wave. It is shown in Fig. 11 that the Fn where transformation occurrs and the variation of shock angle differ among the two draft conditions. As is seen in Fig. 4 , free surface shock waves are present in the thin layer adjacent to the free surface. It is supposed that the thickness of this thin layer is changed with the change of draft, which accompanies the change of the critical speed.
3.6 Loss of momentum Free surface shock waves give resistance to ships in a different manner from dispersive waves. The discrepancy between Cw and Cwp can be understood by the existence of free surface shock waves.
It is already reported by the authors that non-viscous portion of the momentum loss measured behind ships plays a significant part in wave making resistance.
In the present paper, contour lines of momentum loss caused by WM1-B is present in Fig. 12 . The domain of momentum loss widely stretches outward and the extension of this domain corresponds to the lateral extension of the second free surfaces shock wave.
The velocity drop discussed in 3.3 is considered to be measured as momentum loss.
This momentum loss has been hitherto explained as wave breaking resistance. However, wave breaking is supposed to be one of the results of the occurrence of free surface shock waves. Wave breaking occurs because of the unsteadiness of the shock front. Free surface shock waves contribute to the resistance regardless of wave breaking.
3.7 Free surface shock waves at the stern We have concentrated our attention on the waves in the near-field of bows. The occurrence of free surface shock waves, however, is not limited in this region.
Waves at the stern of a container ship model SR138 is photographed in Fig. 17 of reference 5) . These waves are similar to free surface shock waves.
The results of measurement of wave height and disturbance velocity are present in One of the possible ways at present will be a numerical procedure. These kind of approach will be pursued and will be reported in future.
However, it will not suit for hull form design. More compact method will be worth examining for the improvement of hull form design. Free surface shock waves are similar to nonlinear shallow water waves in many respects as mentioned in chapter 3.
Nonlinear shallow water waves are explained by the equation of motion derived from Euler's equation by letting w= 0. On the other hand, nonlinear motions of the fluid around ships are limited in the thin layer adjacent to the free surface and w rapidly tends to zero below the thin layer. Therefore, free surface shock waves have possibility to be explained by the equations for nonlinear shallow water waves, when simplification of the problem is pursued. All the facts in chapter 3, especially what is described in 3.5, support this trend of approach.
If the above mentioned assumption is admitted, an equivalent water depth h is to be introduced as a function of ship speed, draft of a ship and shape of the body, and an analytical study can be attempted with related nonlinear shallow water equations. Then, equations that determine the thin layer are described in two dimensions as follows. For simplicity, equation (10) is calculated with the velocity components on the hull surface obtained by Hess and Smith's method, though it is not exact solution of (10). Results are shown in Fig. 14 . Lines of characteristics of M42A cross each other, which implies the occurence of oblique shock. A much simpler method is to trace the trajectories of the head of velocity vector which is calculated on the surface of the hull adjacent to the load water line by Hess and Smith's method. Results on M41 and M42 series ships3), whose wave making resistance is mainly determined by free surface shock waves, are present in Fig.  15 . Improved ships are M42B and M41-B3, and their trajectories are shifted towards the origin. In contrast, the ships whose wave making re- 
Attenuation of linear wave resistance
Free surface shock waves cause discontinuous drop in fluid velocity in the thin layer adjacent to the free surface. This fact means that a kind of wake region that is wide and thin is present around ships. Calculations of wave making resistance that take the viscous effect into account has been carried out, for example, by Mori6). The obtained wave making resistance curves show good tendency of decreasing humps and hollows, however, the attenuation is not enough, comparing them to the results of towing tests or wave analyses. The presence of above mentioned wake region is expected to attenuate the humps and hollows, and this must be taken into account for better agreement.
To demonstrate this, a simple calculation is carried out on WM1-C. The wake region is represented by a rigid body whose depth is 20 mm and stretches straightly backward to infinity. Wave making resistance is calculated by Michell's approximation for simplicity and results are shown in, Fig. 16 . The obtained wave making resistance curve approximately accords to the result of wave analysis.
It will be understood that the attenuating effect by free surface shock waves plays a significant role in linear wave making resistance, though the present simple way of calculation does not precisely represents the physical phenomena.
Conclusions
Principal conclusions are as follows.
(1) Ships in translational motion generate a kind of shock wave as well as linear dispersive waves, and the former has pertinent characteristics to be named as free surface shock wave.
(2) Free surface shock waves satisfy shock relations. Besides, both normal and oblique shock waves occur and shock here may be useful for ships that generate intense free surface shock waves, until theoretical treatment of this problem is satisfactorily completed. (7) Free surface shock waves have influences on linear wave making resistance. Especially, the attenuating effect must be taken into account.
